Abstract-The (2 + 1) dimensional Skyrme gauge model with a Chern-Simons term is considered. The presence of the Chern-Simons term makes possible the existence of two dimensional skyrmions in this model, which carry magnetic flux and have an electric charge and a nonzero angular momentum. It is shown that the model also admits the existence of two dimensional skyrmions with a nonzero phase frequency of rotation. Due to the nontrivial topological properties of the model, the magnetic flux, the electric charge, and the angular momentum of a two dimensional rotating skyrmion turn out to be interrelated. Analytic and numerical investigations of the properties of rotating two dimensional skyrmions are carried out.
INTRODUCTION
Topological solitons of (2 + 1) dimensional field models play an important role in various areas of field theory, physics of condensed state, and astrophysics. Among these solitons, we should first mention vortices in the effective superconductivity theory [1] and of the Higgs (2 + 1) dimensional relativistic Abelian model [2] . Another important example is given by the static soliton solution of the (2 + 1) dimensional nonlinear O(3) σ model [3] that effectively describes the behav ior of a ferromagnet in the critical region. This soliton solution can also be considered as an instanton of the (1 + 1) dimensional nonlinear O(3) σ model. Due to the invariance of the static energy functional of the σ model with respect to the scaling of coordinates, the soliton has an appropriate zero mode. This, in turn, leads to a situation where, instead of a soliton solution of fixed size, we have a one parameter family of soli ton solutions in which the value of the parameter determines the size of a soliton.
According to Derrick's theorem [4] , the size of a soliton in the original O(3) σ model can be fixed in several ways. One of them [5] consists in introducing, into the Lagrangian of a nonlinear σ model, an inter action potential that breaks the original O(3) symme try of the model to the Abelian U(1) subgroup, gauging this remaining U(1) symmetry, and including the kinetic term of the gauge field into the Lagrangian. Similar to vortices, the solitons of the model of [5] carry magnetic flux. However, the topological proper ties of these solitons are essentially different from the topological properties of vortices; in particular, the magnetic flux of solitons is not quantized at the classi cal level.
Another method of fixation of the soliton size is the inclusion, into the Lagrangian of the σ model, a fourth order term with respect to the derivatives of the φ field, together with the potential. The solitons of this model, the so called baby skyrmions, were first inves tigated in [6, 7] . They are two dimensional analogs of three dimensional skyrmions [8]-the first topologi cal solitons that were analyzed within field theory. The properties of two dimensional skyrmions essentially depend on the interaction potential of the φ field components [9] . Thus, two dimensional skyrmions are not as universal as three dimensional objects, for which the presence of a potential is not a necessary condition for existence.
In the two dimensional Skyrme model, the inter action potential is usually chosen to be invariant with respect to the U(1) subgroup of the original symmetry group O(3). Introducing a gauge field and gauging this remaining U(1) subgroup, we obtain a two dimen sional Skyrme gauge model. The solitons of this model, which carry magnetic flux, were studied in [10] .
In contrast to the (3 + 1) dimensional case, the (2 + 1) dimensional Maxwell electrodynamics does not admit the existence of electrically charged spa tially localized solutions with finite energy [10] . Therefore, all known two dimensional soliton solu tions of Maxwell gauge models are electrically neutral and do not have an electric field. However, in (2 + 1) dimensions, in addition to the ordinary Lorentz invariant Maxwell term, there exists a Lorentz invari ant Chern-Simons term, which can be included in the Lagrangian of the gauge model [11] [12] [13] . In the pres ence of this term, the gauge field becomes topologi cally massive, thus making possible the existence of JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 118
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All the two dimensional solitons listed so far are topological and do not explicitly depend on time up to gauge transformations. At the same time, there exists a wide class of nontopological solitons [16] [17] [18] , whose fields explicitly depend on time as ∝exp(iωt). There fore, it is interesting to study a two dimensional topo logical soliton possessing electric and magnetic fields, whose charged fields have the time dependence ∝exp(iωt) in some fixed gauge. In the present paper, we consider the (2 + 1) dimensional Skyrme gauge model with a Chern-Simons term. We show that, in this model, there exist electrically charged skyrmions that carry magnetic flux. Like nontopological solitons, the charged components of the φ field of these skyrmi ons rotate with constant phase frequency. Note that rotating skyrmions of the (2 + 1) dimensional non gauge Skyrme model were investigated in [7, 19] .
The paper is organized as follows. In Section 2, we give a brief description of the Lagrangian and the field equations of the two dimensional Skyrme gauge model with a Chern-Simons term. We describe the topological structure of the model and present the lower boundary of the energy of a field configuration belonging to this topological class. In Section 3, we present an ansatz used for solving nonlinear field equations of the model. We obtain a system of nonlin ear ordinary differential equations for the functions of the ansatz and expressions for the functionals of energy, electric charge, and angular momentum in terms of these functions. We establish a relation between the electric charge, magnetic flux, and the angular momentum of a two dimensional skyrmion. We analyze the asymptotic properties of the skyrmion fields as r 0 and r ∞. We obtain asymptotic expressions for the energy, electric charge, and the angular momentum of a two dimensional skyrmion as a function of the phase frequency of rotation. In Sec tion 4, we describe the procedure of numerical solu tion of the system of nonlinear ordinary differential equations. We obtain the dependence of energy E, electric charge Q, and the angular momentum J on the phase frequency ω. We also plot the graphs of the func tions E(Q), E(J), and J(Q). We study the properties of a two dimensional skyrmion as a function of the gauge coupling constant. In the Conclusions, we compare the properties of two dimensional rotating skyrmions and two dimensional nontopological solitons and consider necessary conditions for the existence of rotating charged solitons in (2 + 1) dimensional gauge models.
THE LAGRANGIAN AND THE FIELD
EQUATIONS OF THE MODEL The density of the Lagrangian of a two dimen sional Skyrme model with a Chern-Simons term is given by (1) where is the strength tensor of the gauge field A ν , is the covariant derivative of the triplet of scalar fields φ that satisfy the condition and n = (0, 0, 1) is a unit vector in the isotopic space. The parameters μ and κ determine the contribution of the Chern-Simons and Skyrme terms to the Lagrangian of the model. By Derrick's theorem [4] , the interaction potential V(φ) of the triplet of scalar fields is needed to stabilize the size of static solitons. The specific form of this potential is not fixed. There are various forms of the potential V(φ) in the litera ture; in this paper, we use the most popular form [6, 7] (2) In what follows, we will use a system of units in which the velocity of light c and Planck's constant ប are equal to 1 and energy is measured in H, the squared modulus of the triplet of scalar fields φ. In this system of units, the following relations hold:
The Chern-Simons term plays an important role in the determination of the properties of model (1). This term is topologically invariant because its variational derivative with respect to the metric vanishes. Hence, the Chern-Simons term does not contribute to the energy of the field con figurations of the model. At the same time, the Chern-Simons term contributes to the field equa tions, thus leading to significant changes in the prop erties of model (1) as compared with classical electro dynamics. Among these changes, the most important one is that the gauge field of model (1) acquires a mass equal to the parameter μ. This makes possible the existence of two dimensional localized solutions of finite energy-solitons that carry magnetic flux and have an electric charge-in model (1). Without the Chern-Simons term, the existence of two dimen sional electrically charged solitons is impossible [10] .
